ABSTRACT
2-Amino-5-carboxymuconic 6-semialdehyde is an unstable intermediate in the meta-cleavage pathway of 4-amino-3-hydroxybenzoic acid in Bordetella sp. strain 10d. In vitro, this compound is nonenzymatically converted to 5 2,5-pyridinedicarboxylic acid. Crude extracts of strain 10d grown on 4-amino-3-hydroxybenzoic acid converted 2-amino-5-carboxymuconic 6-semialdehyde formed from 4-amino-3-hydroxybenzoic acid by the first enzyme in the pathway, 4-amino-3-hydroxybenzoate 2,3-dioxygenase, to a 10 yellow compound (λ max 375 nm). The enzyme in the crude extract carrying out the next step was purified to homogeneity. The yellow compound formed from 4-amino-3-hydroxybenzoic acid by this purified enzyme and purified 4-amino-3-hydroxybenzoate 2,3-dioxygenase in a coupled assay was identified as 15 2-hydroxymuconic 6-semialdehyde by GC-MS analysis. A mechanism for the formation of 2-hydroxymuconic 6-semialdehyde via enzymatic deamination and nonenzymatic decarboxylation is proposed based on results of spectrophotometric analyses. The purified enzyme, designated 20 2-amino-5-carboxymuconic 6-semialdehyde deaminase, is a new type of deaminase that differs from the 2-aminomuconate deaminases reported previously in that it primarily and specifically attacks 2-amino-5-carboxymuconic 6-semialdehyde.
The deamination step in the proposed pathway differs from that in the pathways for 2-aminophenol and its derivatives. Pseudomonas sp. strain AP-3 and Pseudomonas pseudoalcaligenes strain JS45 convert 2-aminophenol to 4-oxalocrotonic acid via 2-aminomuconic 6-semialdehyde and 15 2-aminomuconic acid in the modified meta-cleavage pathway ( Fig. 1(B) ). The 2-aminomuconate deaminase from strain and that from strain JS45 have been purified and characterized in detail (5, 6) . The nucleotide sequence of the gene encoding the deaminase from strain AP-3 is not similar to any nucleotide 20 sequences present in the databases, other than the recently reported nucleotide sequences of the gene encoding 2-aminomuconate deaminase from Pseudomonas putida HS12 and from Pseudomonas fluorescens strain KU-7 (6-8). Although other deaminases have been detected in crude extracts of nitrobenzene-assimilating bacteria, the progress in the purification and characterization of the enzymes is slow (2, 4), probably because the substrate for the enzyme assay, 2-aminomuconic 6-semialdehyde, which is formed by ring 5 cleavage of 2-aminophenol, is unstable and is converted nonenzymatically to picolinic acid in vitro (9).
We have previously isolated Bordetella sp. strain 10d, which grows on 4-amino-3-hydroxybenzoic acid, and purified and characterized the 4-amino-3-hydroxybenzoate 2,3-dioxygenase 10 involved in the initial step of the metabolism of this substrate (10). The enzyme catalyzes the ring fission of 4-amino-3-hydroxybenzoic acid to form 2-amino-5-carboxymuconic 6-semialdehyde ( Fig. 1(A) ). The cloning and nucleotide sequence of the gene encoding the 15 dioxygenase (AhdA) have also been reported (11). However, the subsequent metabolism, including the deamination step, have not been elucidated since 2-amino-5-carboxymuconic 6-semialdehyde is immediately converted nonenzymatically to 2,5-pyridinedicarboxylic acid in vitro. 20 Here we report the purification and characterization of an enzyme from strain 10d that uses 2-amino-5-carboxymuconic 6-semialdehyde as a substrate. Insights into the metabolic fate of 4-amino-3-hydroxybenzoic acid in strain 10d are revealed.
MATERIALS AND METHODS

Bacterial strain and growth conditions
Bordetella sp. strain 10d was isolated previously (10). Strain 10d was cultured in medium containing 0.12% (w/v) 5 4-amino-3-hydroxybenzoic acid and 1% (w/v) meat extract (10).
Enzyme assay
2-Amino-5-carboxymuconic 6-semialdehyde was formed from 4-amino-3-hydroxybenzoic acid in a coupled assay by purified 10 4-amino-3-hydroxybenzoate 2,3-dioxygenase provided in excess.
The enzyme activity in the crude extract and in the reaction mixture that used 2-amino-5-carboxymuconic 6-semialdehyde as substrate was measured by monitoring the increase in the absorbance of the reaction product at 375 nm. The reaction 15 mixture contained 2.9 ml of 100 mM sodium-potassium phosphate buffer (pH 7.5), 0.1 ml of 5 mM 4-amino-3-hydroxybenzoic acid, and 0.05 ml of crude extract.
The reaction was started by adding 0.1 ml of 4-amino-3-hydroxybenzoate 2,3-dioxygenase (0.8 U/ml). After 20 incubation for 10 min at 24°C, the absorbance at 375 nm was read. One unit of enzyme activity was defined as the amount of enzyme that converted 1 µmol of 2-hydroxymuconic 6-semialdehyde per min. The molar extinction coefficient of 4.4×10 4 for 2-hydroxymuconic 6-semialdehyde was used (12) .
Specific activity was defined as units (mg protein) -1 . Protein concentrations were measured by the method of Lowry et al.
(13).
The substrate specificity of the purified enzyme was 5 examined with 2-aminomuconic 6-semialdehyde and 2-aminomuconic acid using the same methods as described previously (5, 14, 15) .
Enzyme purification
10
All steps of the purification of the enzyme that used 2-amino-5-carboxymuconic 6-semialdehyde as substrate were carried out using modifications of methods described previously (10). Cells [14.8 g (wet wt.)] of strain 10d were suspended in 20 mM Tris-HCl buffer (pH 8.0). Cell extract (fraction 1, 150 ml) 15 was prepared and treated with streptomycin sulfate (fraction 2, 149 ml) as described previously (9). Fraction 2 was fractionated with ammonium sulfate (38-60% saturation). After 
Production and isolation of enzymatic reaction products in a coupled enzyme assay
The reaction mixture contained 107 ml of 50 mM sodium-potassium phosphate buffer (pH 7.5), 9 ml of 5 mM 15 4-amino-3-hydroxybenzoic acid, 5.1 ml of 4-amino-3-hydroxybenzoate 2,3-dioxygenase solution (8.8 µg ml -1 ), and 6 ml of purified enzyme solution (1.0 µg ml -1 ). After incubation at 24°C for 2.7 h with shaking at 100 rpm, the concentrations of 4-amino-3-hydroxybenzoic acid, 20 2,5-pyridinedicarboxylic acid, ammonia, and 2-hydroxymuconic 6-semialdehyde in the reaction mixture were determined as described below. The reaction mixture was concentrated to 10 ml (Waterbury, Conn., USA). DE52 cellulose was from Whatman (Madison, Wis., USA), and DEAE-Cellulofine A-800, 5 Phenyl-Cellulofine, and Cellulofine GCL-1000 sf were from Seikagaku (Tokyo, Japan). 2-Aminophenol 1,6-dioxygenase, 2-aminomuconic 6-semialdehyde dehydrogenase, and 4-amino-3-hydroxybenzoate 2,3-dioxygenase were prepared as described previously (6, 10, 19) . 2-Aminomuconic 10 6-semialdehyde was prepared enzymatically from 2-aminophenol using purified 2-aminophenol 1,6-dioxygenase (6). 
RESULTS
Spectral changes during metabolism of
Purification and properties of the purified enzyme
The activity of the enzyme present in the crude extract of strain 10d that used 2-amino-5-carboxymuconic 6-semialdehyde as substrate was measured by monitoring the increase in the absorbance at 375 nm [ Fig. 2(A) ], but was not present in cell extracts of succinate/glucose-grown cells; therefore, the synthesis of the enzyme was inducible. Table I Fig. 3(B) ].
Therefore, the enzyme is a homodimer with 15-kDa subunits.
The N-terminal amino acid sequence of the enzyme was determined to be PKILVHSDAAPTTGFTNXHTP.
The purified enzyme was stable between pH 5.5 and 7.5 in 15 50 mM sodium-potassium phosphate buffer containing 1 mM dithiothreitol and 0.5 mM L-ascorbate. The enzyme maintained 80% activity up to 70°C after 10 min incubation at pH 7.5. The enzyme activity decreased to 70% after incubation at 75°C for 10 min, and all activity was lost at 80°C. 20 The two compounds tested, 2-aminomuconic 6-semialdehyde and 2-aminomuconic acid, were shown not be substrates of the purified enzyme. The enzyme was inhibited 
Spectroscopic characterization of the purified enzyme
The concentrated enzyme solution (fraction 6) was yellow in 10 color. The enzyme solution showed one main absorption peak at 266 nm and a broad absorption band in the visible region (Fig. 4) . Most of the 2-amino-5-carboxymuconic 6-semialdehyde formed 15 by the action of 4-amino-3-hydroxybenzoate 2,3-dioxygenase was nonenzymatically converted to 2,5-pyridinedicarboxylic acid (10), and the remainder was converted (via two steps, one enzymatic and one nonenzymatic, see below) to 2-hydroxymuconic 6-semialdehyde and an almost equimolar concentration of 20 ammonia. The proposed pathway is shown in Fig. 1(A) . Attempts to clarify the stoichiometory by adding a small amount of the purified dioxygenase to the reaction mixture with a large excess of the purified enzyme reported here to avoid the formation of 2,5-pyridinedicarboxylic acid from 2-amino-5-carboxymuconic 6-semialdehyde failed. The enzymatic reaction did not proceed well because the dioxygenase is more unstable than the purified enzyme reported here (10).
The enzyme reaction products were analyzed by GC and Fig. 2 (B) and (C) ]. In addition, picolinic acid was not detected in the reaction mixture after the coupled enzyme assay. The other possibility is that 2-amino-5-carboxymuconic 6-semialdehyde is converted to 2-hydroxymuconic 6-semialdehyde via 2-hydroxy-5-carboxymuconic 6-semialdehyde [ Fig. 1(A), compound III] . During a coupled assay with two purified enzymes, a reaction product with an absorption around 350 nm transiently accumulated [ Fig. 2 (B) and (C) ]. We failed to 5 isolate and identify such a compound; however, we propose that the compound is 2-hydroxy-5-carboxymuconic 6-semialdehyde and that this compound is converted to 2-hydroxymuconic 6-semialdehyde by spontaneous decarboxylation, based on electronic theory and previously reported spectrophotometric JS45 is colorless and does not have an absorbance peak at 300 nm (5). A cofactor is not required for the enzyme activity. In contrast, the deaminase from strain 10d contained an FAD-like cofactor, similar to D-amino acid oxidases (25-27), as indicated by the absorption peak of the purified enzyme at 266 nm. The typical protein absorption peak of 280 nm shifts to ~265 nm if the protein contains a flavin-type cofactor (28). We failed to identify the cofactor of the deaminase from strain 10d because the enzyme could not be purified in large enough quantities. 5 We previously reported the identification of the enzyme involved in the initial step of the metabolism of 4-amino-3-hydroxybenzoic acid in Bordetella sp. 10d (10). This first step, catalyzed by 4-amino-3-hydroxybenzoate 2,3-dioxygenase [ Fig. 1(A) ], is similar to the first step in the 10 modified meta-cleavage pathway for 2-aminophenol in Pseudomonas sp. strain AP-3 catalyzed by 2-aminophenol 1,6-dioxygenase (10) [ Fig. 1(B) ]. However, 4-amino-3-hydroxybenzoate 2,3-dioxygenase differs from 2-aminophenol 1,6-dioxygenase in subunit structure and 15 substrate specificity (4, 10). The deamination steps in these pathways differ from each other (Figs. 1(A) and 1(B) ). Recently, Muraki et al. reported that the carboxyl-group-substituted 2-aminophenol, 3-hydroxyanthralinic acid (2-amino-3-hydroxybenzoic acid), is metabolized to form deaminase) in P. fluorescens strain KU-7 (7). The decarboxylation mechanism in the metabolic pathways for 3-hydroxyanthralinic acid differs from that in the pathway for 4-amino-3-hydroxybenzoic acid.
The N-terminal amino acid sequence of the purified 5 enzyme did not show significant levels of identity to sequences of 2-aminomuconate deaminases (6, 8, 27) (A) The reaction mixture consisted of 2.9 ml of 100 mM sodium-potassium phosphate buffer (pH 7.5), 0.1 ml of 5 mM 4-amino-3-hydroxybenzoic acid, and 0.05 ml of the crude extract (35-75% ammonia sulfate saturation) (61 mg ml -1 ). The reaction was started by adding the enzyme solution. After incubation at 24°C, the sample was scanned with a spectrophotometer and spectra were recorded every 2 min.
(B) The reaction mixture consisted of 2.9 ml of 100 mM sodium-potassium phosphate buffer (pH 7.5), 0.1 ml of 5 mM 
